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ABSTRACT

The finite element method has been used extensively to predict the creep
c losure  o f  underground petro leum storage  cav i t ies  in  rock  sa l t . Even though
the numerical modeling requires many simplifying assumptions, the
predic t ions  have  genera l ly  corre lated  with  f ie ld  data  f rom instrumented
wellheads,  however, the  f ie ld  data  are  rather  l imited . To gain an insight
into  the  behavior  o f  three -d imensional  arrays  o f  cav i t ies  and  to  obta in  a
l a r g e r  d a t a  b a s e  f o r  t h e  v e r i f i c a t i o n  o f  a n a l y t i c a l  s i m u l a t i o n s  o f  c r e e p
c l o s u r e , a series of  six centrifuge simulation experiments were performed
using  a  cy l indr ica l  b lock  o f  model ing  c lay ,  a  creeping  mater ia l . Three of
the  s imulat ions  were  conducted  with  s ing le ,  center l ine  cav i t ies ,  and  three
were conducted with a symmetric array of three cavities surrounding a
c e n t r a l  c a v i t y . The models were subjected to body force loading using a
centr i fuge . For the single cavity experiments,  the models were tested at
acce lerat ions  o f  100 , 125 and 150 g’s for 2 hours. For  the  mult i - cavi ty
experiments, the simulations were conducted at 100 g’s for 3.25 hours. The
results are analyzed using dimensional analyses. The  analyses  i l lustrate
that  the  centr i fuge  s imulat ions  y ie ld  se l f - cons is tent  s imulat ions  o f  the
c r e e p  c l o s u r e  o f  f l u i d - f i l l e d  c a v i t i e s  a n d  t h a t  t h e  i n t e r a c t i o n  o f  three-
dimensional  cav i ty  layouts  can  be  invest igated  us ing  th is  technique .
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INTRODUCTION

Finite element methods have been used extensively for several years to

ca lcu late  the  creep  c losure  o f  Strateg ic  Petro leum Reserve  (SPR)  s torage

c a v i t i e s  i n  r o c k  s a l t . Two-dimensional axisymmetric f inite element

calculations performed thus far required many simplifying assumptions to

reduce the three-dimensional cavern arrays to the necessary two dimensions for

t h e  c a l c u l a t i o n s . More recently, three-dimensional f inite element

calculations have been performed which accurately simulate actual arrays of

caverns. Regardless  o f  th is  improved  capabi l i ty  in  ca lcu lat ional  techniques ,

inadequate f ield data have made it  diff icult  to judge the agreement between

computational predictions and actual behavior. In part, t h i s  d e f i c i e n c y  i n

field data can be overcome through the use of  physical simulations based on

centr i fuge  techniques . Thus, to obtain an improved understanding of  three-

dimensional  e f fec ts , such as cavern spacing, and to add to the data base for

ca lculat ional  comparisons , a number of  large physical models were tested using

centr i fuge  techniques .

The  centr i fuge  s imulat ions  d iscussed  here  examine  the  c losure  o f  f lu id - f i l l ed

cavi t ies  in  a  creeping  mater ia l . Plasticine, or modeling clay,  was used as

the  creeping  mater ia l . The material was chosen for these experiments because

i t  creeps  at  a  much faster  rate  than sa l t  and i t  can  be  character ized  with  a

secondary creep formulation. Consequently, i t  g ives  a  measurable  cav i ty

c losure  in  a  reasonable  centrifuge test  t ime. Through dimensional analysis,

the  plasticine  s imulat ions  can  be  extrapo lated  to  predic t  the  long- term

b e h a v i o r  o f  f l u i d  s t o r a g e  c a v e r n s  i n  r o c k  s a l t .

This  report  beglns with  a  d iscuss ion  o f  the  mechanical  and  creep  propert ies  o f

t h e  plastlcine. The  two  s imulat ion  test  ser ies  are  then d iscussed . T h e  f i r s t

ser ies  cons is ted  o f  s ing le  cav i ty  s imulat ions  per formed at  three  d i f ferent

a c c e l e r a t i o n s . The  second  ser ies  conslsted  o f  multi-cavity  s imulat ions

per formed at  a  s ing le  g leve l  but  with  vary ing  cavi ty  layouts . The  resul ts  o f

the  f i rs t  serves are  used  as  a  base l ine  data  base  for  compar ison  to  the

results produced by the more complex second series. Deta i led  d iscuss ions  o f

the  exper imental  resul ts  and comparison  to  numerica l  ca lculat ions  c lose  the

report .
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MATERIAL PROPERTIES

Plasticine has  been  used  by  severa l  invest igators  to  s imulate  the  behavior  o f

c r e e p i n g  m a t e r i a l s ;  e . g . , see Ramberg’s discussion of modeling materials for

c e n t r i f u g e  s i m u l a t i o n s  [l]. A deta i led  descr ipt ion  o f  p last i c ine ’ s  mechanica l

behavior  i s  g iven  by  McClay  [2] and Crandal l ,  e t .  a l .  [3].

McClay, the  creep  behavior  o f  p last i c ine  can  be  descr ibed  by  a  const i tut ive

The  const i tut ive  constants  for  th is

formulation change with material manufacturer,  grade, and color.

care fu l  mater ia l  contro l  and character izat ion , plasticine becomes a very good

Mater ia l  Descr ipt ion

As  the  or ig inal  p last i c ine  mater ia l  tested  by  M&lay  was  no  longer  avai lab le ,

a  mater ia l  had  to  be  character ized . The trade name of the material  tested

h e r e  i s “Plasta l ina ,  Le isure  Clay , ” manufactured by Leisurecrafts Co.;  Los

Angeles, CA.

The material was manufactured in several premixed colors:  ivory, green, gray

and black. However, other colors could be obtained by mixing Tempera pigment

( “Fresco  Powder  Tempera” ,  Rich  Art  Color  Co . ,  Inc . ,  Lode, NJ)  with  the  ivory

p l a s t i c i n e . For our work, pigment was added at a ratio of  5.0 gm of pigment

to  100  gm o f  p last i c ine . The additional colors tested here were red and blue

Mater ia l  Tests

using

displacement technique. The  dens i ty  for  the  ivory ,  green,  gray  and b lack

with a standard deviation of

0 . 0 0 4  gm/cm3. With the red or blue pigment added to the ivory,  the density

increased  to  1 .75  gm/cm3 gm/cm3



The p last i c ine  was  tested  in  uni -ax ia l  compress ion  at  severa l  constant  s tra in

rates . The test specimens were 25.4 mm (1 in) in diameter and 50.8 mm (2 in)

in length. The tests were conducted at strain rates varying from 1x10-3/s t o

3x1o-6/s. The temperature of  the sample was controlled at 25OC +0.5”C.

A  t y p i c a l  s e t  o f  t r u e  s t r e s s  a n d  s t r a i n  p l o t s ,  f r o m  t h e  t e s t s  o f  i v o r y ,  g r e e n

and gray plasticine is shown in Figure 1. To  obta in  the  true  s tress -s tra in

curve, the raw data have been corrected for the change in cross section

resul t ing  f rom the  f in i te  de format ion  o f  the  sample . The formula used for

t h i s  c o r r e c t i o n  i s  f i r s t  o r d e r , as based on a constant volume; namely,

sE = F/A0 ,

ST = SE(l  - e) ,

(1)

where SE is  the  engineer ing  s tress , F  i s  t h e  f o r c e  o n  t h e  s p e c i m e n ,  A0 i s  i t s

o r i g i n a l  a r e a ,  ST i s  t h e  t r u e  s t r e s s ,  a n d  e  i s  t h e  a x i a l  s t r a i n .

As can be seen in Figure 1, the one-dimensional (Young’s)  modulus of  the

p l a s t i c i n e  d o e s  v a r y  s l i g h t l y  w i t h  s t r a i n  r a t e . However, a s  t h i s  v a r i a t i o n  i s

r e l a t i v e l y  s m a l l , we have chosen to report only the modulus for a strain rate

o f  10V4/s  in  our  const i tut ive  summary, Table  I .

As shown in Figure 1, t h e  p l a s t i c i n e  h a s  a  d e f i n i t e  y i e l d  p o i n t  ( y i e l d

s t r e s s ) . These  data  were  f i t  us ing  a  l inear  regress ion  analys is  to  an

exponential  equation of  the form:

c = KOY
n

w h e r e  E! i s  t h e  s t r a i n  r a t e ,  K. i s  t h e  l e a d i n g  c o e f f i c i e n t ,  Y  i s  t h e  y i e l d

s t r e s s , and n is the stress exponent. The fits are shown in Figure 2.

Af ter  the  pronounced  y ie ld  po int , the  p last i c ine  f lows  at  a  near ly  constant ,

but, lower  s tress . This  lower  s tress  i s  interpreted  as  an  equi l ibr ium stress

and i s  equiva lent  to  the  constant  s tress  o f  a  creep  test . Fo l lowing  the  lead
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Table I

Mater ia l  Proper t i e s  o f  Plasticine  a t  25OC

Material  Constants [1,2]

Material Density Longitudinal Y ie ld  S t ress  Curve  F i t  iEq. 3-l Green Law Curve Fit  IEa. 41
Description

gm/cm 3
Modulus [3] Leading Exponent Coe f f i c i en t  o f Leading Exponent Coe f f i c i en t  o f
kPa(psi) Coe f f i c i en t Determination Coe f f i c i en t Determination

Ko n r K n r

Ivory 1.71 2290 l.l5E-31 14.2 0.93 2.82E-52 24.7 0.95 [4]
(330) (9.08E-20) (1.453-31)

Green 1.71 6830 2.323-28 10.9 0.95 3.883-26 10.1 0.99 [5]

P (990) (2.963-19) (l.l9E-17)
*

Gray 1.71 6490 6.413-30 11.2 0.99 7.25E-30 11.2 0.99
(940) ( 1.873-20) ( l .SZE-20)

Black 1.71 4880 1.023-38 15.3 0.93 4.043-36 14.1 0.90
(710) (6.283-28) (2.743-24)

Red & Blue [6] 1.75 3500 5.843-38 16.7 0.94 2.433-35 15.3 0.94
(510) (5.883-24) (1.643-22)

NOTES :
1. S t ra in  ra te  in  l / s .
2 .  S t r e s s  i n  kPa ( p s i ) .
3 .  Y o u n g ’ s  m o d u l u s  a t  lE-4/s s t ra in  ra te .
4 .  E x c l u d e  o n e  lE-4/s  s t ra in  ra te  da ta  po in t .
5. Exclude lE-4/s  strain rate data.
6.  Standard ivory plasticine  colored with tempra pigment.



o f  McClay  [2], t h e  c o n s t i t u t i v e  e q u a t i o n  r e l a t i n g  e q u i l i b r i u m  s t r e s s  t o  s t r a i n

rate is formulated in a power law of the form:

& = K(ST)n , (4)

where  K i s  the  leading  coe f f i c ient , and n is the power law exponent. This

formulat ion  impl ies  a  s teady  s tate  s tra in  rate  and s tress  leve l . Using the

f l a t  p o r t i o n  o f  t h e  t r u e  s t r e s s - s t r a i n  p l o t s  o f  F i g u r e  1  a n d  a  l i n e a r

regress ion  analys is , the data for the various materials were used to generate

the  f i ts  shown in  Figure  3 .

These constitutive data are summarized in Table I.
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EXPERIMENTAL TECHNIQUES

Specimen Fabrication

The experiments required large, u n i f o r m  c y l i n d r i c a l  b l o c k s  o f  p l a s t i c i n e . The

procedures  deve loped  for  the  cast ing , machining and assembly of these blocks

are listed in Appendix A and Appendix B. In general, a casting process was

used to form the plasticine models,  see Appendix A. F i r s t , the appropriate

quant i t ies  o f  p last i c ine  were  mel ted  and  poured  into  the  f ix ture  used  for  the

centrifuge experiment. Then, the blocks were parted, appropr iate  cav i t ies  and

surfaces  were  cut , and the model was reassembled.

During  the  preparat ion  o f  the  p last i c ine  test  models ,  appropr iate  cy l indr ica l

cav i t ies  were  machined  into  the  b lock  o f  p last i c ine . A s  p l a s t i c i n e  i s  a

c r e e p i n g  m a t e r i a l ,  w e  f e l t ,  i n i t i a l l y , that the cavity shapes could change

during the period between machining and testing. T o  i n s u r e  t h a t  t h i s  long-

term mater ia l  creep  d id  not  a f fec t  our  resul ts ,  the  cav i t ies  were  f i l l ed  with

rubber -coated  sa l t  p lugs . The  cav i t ies  were  connected  to  the  “sur face”

t h r o u g h  p l a s t i c  p i p e s  o r  r i s e r s . The salt plugs were removed immediately

before  test ing  us ing  a  spray  o f  water ,  through the  r i ser ,  to  d isso lve  the

plug This “lost wax” processing technique is described in Appendix A. The

preparation of  the salt plugs and their emplacement in the test specimen are

described in Appendix B. This  process  a lso  prov ides  the  cav i t ies  wi th  leak-

p r o o f  p l a s t i c  l i n e r s . Calculations and experimental observations have shown

that for time periods on the order of  one month between machining and testing,

the  long- term creep  o f  the  p last i c ine  can  be  ignored  for  a l l  pract i ca l

purposes and the salt plugs are unnecessary.

T h e  r i s e r s  a l s o  p e r m i t t e d  t h e  f i l l i n g  o f  t h e  c a v i t i e s  w i t h  l i q u i d . The top of

t h e  r i s e r  w a s  a t  90° t o  t h e  t o p ,  f l a t  s u r f a c e  o f  t h e  m o d e l . This design

permit ted  the  model  to  be  turned  on  i t s  s ide , for mounting onto the fixed

plat form o f  the  centr i fuge , w i t h o u t  l o s i n g  t h e  l i q u i d  i n  t h e  c a v i t y .
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Test Fixtures

The  f ix tures  used  to  support  the  p last i c ine  model  in  the  centr i fuge  were

aluminum cylinders that had been designed for body force loads up to 150 g’s.

The cylinders had removable tops and bottoms. The bottom was specially

designed to support the specimen along a surface of  constant gravity (body

f o r c e )  p o t e n t i a l . As the centrifuge used in this study has a working radius

o f  approx imate ly  1 .83  m (6  f t ) ,  the  f ix ture  bot tom had a  cy l indr ica l  ins ide

surface . The other side of  this bottom plate was flat to permit mounting of

the  ent i re  f ix ture  onto  the  centr i fuge . The  ins ide  sur face  o f  the  f ix ture  had

been  sand b lasted  to  insure  a  “no  s l ip” condition along the bottom surface of

t h e  f i x t u r e . The lateral boundaries between the plasticine and the fixture

were  l ined  with  Tef lon  to  insure  a  very  low coe f f i c ient  o f  f r i c t ion  on  these

boundaries.

Centrifuge

The Sandia CA-2 centrifuge, pictured in Figure 4,  was used to conduct these

simulations. This machine has e test radius that can range from 1.52 m (5 ft)

t o  2 . 1 3  m  ( 7  f t ) . A radius of  2.06 m was used for the experiments reported

here. This machine has maximum rated capabilities of  22’7 kg (500 lb) static

payload, 150  g  acce lerat ion , and 13,600 g-kg (30,000 g-lb) dynamic load.

Fi f ty  s l ip  r ings  are  avai lab le  on  th is  machine  for  data  acquis i t ion .

Single Cavity Experiments

The single cavity experiments were conducted in experimental f ixtures that

were 0.285 m (11 25 in) inside diameter by 0.292 m (11.5 in) high. A l l  o f  t h e

models  were  constructed  us ing  the  green  p last i c ine  because  i t  i s  the  “best ”

m a t e r i e l  f o r  s i m u l a t i n g  t h e  s a l t  ( i . e . , the ir  s tress  exponents  are  the

c l o s e s t ) . Each was 0.254 m (10 in) high with a flat top. A single cavity was

machined about the centerline of  each of  three specimens as shown in Figure 5.

The cavity was 50.8 mm (2 in) in diameter and 101.6 mm (4 in) high. Thus , the

overburden end the underburden were 76.2 mm (3 in). The  r iser , i n  a l l  c a s e s ,
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reached  to  a  he ight  o f  11 ’7  mm (5 .59  in )  above  the  top  o f  the  cav i ty .  To

increase the overburden stress on the specimen, the upper surface of  the

specimen was covered with a single lead sheet that was 6.35 mm (0.25 in)

thick . A  layer  o f  te f l on  was p laced  between  the  p last i c ine  and  the  lead  to

y ie ld  a  low coe f f i c ient  o f  f r i c t ion  between them.

The tests were conducted for a nominal 2 hours each. Three models were

tested ,  one  each  at  l oads  o f  100  g ,  125  g ,  and  150  g . These experiments are

designated es SElOO, SE125 and SE150, respectively.

Multi-Cavity Experiments

The multi-cavity experiments were conducted in experimental f ixtures that were

0.438 m (17.25 in) inside diameter by 0.292 m (11.5 in) high. Two models were

constructed  us ing  the  green  p last i c ine  end  one  us ing  the  gray  p lest i c ine . The

g r e e n  p l a s t i c i n e  o f f e r e d  t h e  “ b e s t ”  s i m u l a t i o n  o f  t h e  s a l t . The gray

plast i c ine  was  used  to  check  for  systemat ic  sca l ing  errors . Each model was

0 .254  m (10  in )  h igh  with  a  f lat  top . A single cavity was machined about the

center l ine  o f  each  spec imen (Cavi ty  A) . The  other  three  cav i t ies  (Cavi t ies  B ,

C end D) in each specimen were machined symmetrically as shown in Figure 6

( i . e . , e t  120  degrees  re lat ive  to  one  another ) . For the three models,  the

p i l l a r  t o  d i a m e t e r  r a t i o  ( p . d  r a t i o )  w a s  v a r i e d  f r o m  0 . 5  t o  1 . 0  t o  1 . 5 . The

rat io  corresponds  to  p i l lar  s izes  o f  25 .4  mm (1  In), 50 .8  mm (2  in )  end  76 .2

mm (3 in), dimension CC in Figure 6. The tests are designated es MEl,  ME2 and

ME3,  r e s p e c t i v e l y . The  f i rs t  and  last  were  constructed  f rom green  p lest i c ine

end the  other  f rom the  gray  p lest i c ine . The plasticine overburden end

underburden were 76.2 mm (3 in). The  r iser , i n  a l l  c a s e s , reached a height of

121 mm (4.75 in) above the top of  the cavity. To increase the overburden

stress on the specimen, the upper surface of  the specimen was covered with

eight lead sheets that had a combined thickness of  6.35 mm (0.25 in). A layer

o f  te f lon  was  p laced  between the  lead  end  the  p last i c ine . Thus, t h e  single-

cavi ty  end  the  mult i - cav i ty  s imulat ions  were  equivalent  with  the  except ion  o f

the number and placement of  the cavities.

The multi-cavity tests were conducted for a nominal 3 hours 15 minutes et 100 g.
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Figure 6: Schematic Diagram of the Multi-Cavity Experiments



Post Test Analysis

After a simulation was completed, the model was stabilized by freezing. Then,

the test f ixture was removed and the model was sectioned in an appropriate

manner. For  the  s ingle  cav i ty  exper iments , the model was sliced in half  along

a  d iameter  to  form two  semi -cy l indr ica l  p ieces . For  the  mult i - cavi ty

experiments, the model was sectioned first along a diameter through two

cavi t ies  and then a long  two  radi i . Each cut was chosen to divide an

“out lying” c a v i t y  i n  h a l f . The  f i rs t  set  o f  post - test  cuts  was  des igned  to

s l i ce  in  hal f  the  center  cav i ty  and two  o f  the  surrounding  cav i t ies . Cutting

al l  three  o f  the  surrounding  cav i t ies  would  cut  the  centra l  cav i ty  into

thirds ,  making  accurate  vo lume ca lculat ion  more  d i f f i cu l t . After the volumes

of  the  f i rs t  three  cav i t ies  were  determined , the  fourth  cavi ty  was  cut ,

photographed and its volume calculated.

Representative photographs of  these cross sections are shown in Figures 7 and 8.

D i g i t i z i n g

Each cavity was cut in half  during the sectioning process and each half

photographed. Al l  photographs  o f  each  cav i ty , taken after test completion and

sect ioning , were  d ig i t i zed  for  computer  ca lcu lat ion  o f  f ina l  vo lume and for

comparison  o f  p i l lar  de format ion  in  the  mult i - cav i ty  exper iments .  Dig i t iz ing

was done on a Talos digitizing and light table using the computer program

GRAFAID [4] which runs on a VAX 11/780 computer. The coordinate system chosen

placed the cavity approximately in the center of  a 130 mm (5.125 in.)  square

area  for  the  s ing le  cav i ty  tests  and  a  127  mm (5  0  in . )  square  area  for  the

m u l t i - c a v i t y  t e s t s . Each cavity was photographed with and without a 25.4 mm

( 1 . 0  i n . )  g r i d  i n  f r o n t  o f  t h e  c a v i t y . The photograph containing this grid

w a s  u s e d  t o  c o r r e c t  f o r  v e r t i c a l  a n d  h o r i z o n t a l  s t r e t c h  i f  i t  e x i s t e d  a n d  t o

set the coordinate system. The  d ig i t ized  c i rcumference  o f  each  cav i ty

contained an average of  160 points. Figures 9, 10 and 11 show the digitized

cavi ty  out l ines  f rom the  s ingle  cav i ty  exper iments  and Figures  12 ,  13  and 14

show d ig i t i zed  out l ines  o f  the  centra l  cav i ty  in  each  o f  the  three  multi-

cavity experiments.
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SINGLE CAVITY SIMULATIONS

‘,’ = 9.8% $ ~14.6%

Simulation lime: 2 hrs

A’” = 40.8%

Figure  7: Cross-SectIonal  Views  o f  the  Single  Cavity Exper iments



MULTI-CAVITY  SIMULATIONS

P:D = 0.5 P:D=l.O

Cavity A Cavity B P:D=lS Cavity A Cavity B

Simulation :
3hr 15 min
100 g

Cavity A Cavity D

Figure 8. Cross-SectIonal  Views o f  the  Multi-Cavity  Exper iments



5 .

4 . 1

4 .

3 c.-

3 .

2 c.-

2 .

1 .5

1 .

.5

0 .

5-

i,

i-

I -

i -

i

.

I I I I I I b I I

6. .5 1 . 1 . 5 2 . 2 . 5 3 . 3 . 5 4 . 4 . 5 5 .

R  A X I S  ( I N )

Figure 9. Digitized  Cross Section from Cavity SE100

26



5 .

4 c.-

4 .

3 . 5

3 .

2 . 5

2 .

1 . 5

1 .

.5

0 .

I I I I I I I I I

.

--

I I I I I I I I I

6. .5 1. 1 . 5  2. 2 . 5  3 . 3 . 5  4 . 4 . 5  5 .

R  A X I S  ( I N )

Flgure 10. Digitized  Cross SectIon  from Cavity SE125

27



5 .

4 c.-

4 .

3 .5

3 .

2 .5

2 .

1 . 5

1 .

.5

0 .

-
-

i,

i,

L

i,

I _

, I

L

.

I I I I I I I a I

r
-

-

6 . .5 1 . 1 . 5 2 . 2 . 5 3 . 3 . 5 4 . 4 . 5 5 .

R  A X I S  ( I N )

F i g u r e  11. Dig i t ized  Cross  Sect ion  f rom Cavi ty  SE150

28



5,
4 ’. _

4 .

3 .5

3 .

2 . 5

2 .

1 . 5

1 .

.5

0. 1 I I I I I I I I

6. .5 1 . 1 . 5 2, 2 . 5 3 . 3.5 4 . 4 . 5

R  A X I S  ( I N )

5 .

Figure 12: Dlgitlzed  C r o s s  Sectlon f r o m  eavlty ME3A

29



5,

3.5

3.

2.5

2.

1.5

1.

. 5

0.

I I I I I 1 1 1 I

.

.

--

0. .5 1. 1.5 2. 2.5 3. 3.5 4. 4.5 5.

R AXIS (IN)

Flgure 13. Dlgltlzed  Cross Sectlon from Cavity  MEZA

30



4 '. _

4 .

3 e. -

3 .

2 . 5

2 .

1 . 5

1.

. 5

0 .

.

I I I I I I I I I

0. .5 1. 1.5 2. 2 . 5  3 . 3 . 5  4 . 4 . 5  5 .

R AXIS (IN)

Figure  14. Digitized  Cross Section from Cavity MElA

31



Volume Calculation

GRAFAID wri tes  a  d isk  f i l e  conta in ing  the  d ig i t i zed  r and  z coord inates  for

the  two  loops  corresponding  to  each  s ide  o f  the  cav i ty . A computer program

called VOLCENT.FOR (Appendix C) was written to read this file and compute the

cavity volume. First the coordinate loops are made axisynunetric by

s u b t r a c t i n g  t h e  r c o o r d i n a t e  o f  t h e  first p o i n t  ( t o p  c e n t e r  o f  c a v i t y )  f r o m

a l l  t h e  x  c o o r d i n a t e s . Then the  coord inates  are  again  shi f ted  (usual ly  a

small amount) based on the maximum and minimum r coordinates on the loop. A

compensation can then be made if the cut was not made through the center

(maximum radius) of  the cavity. This is done by expanding the r coordinates

according  to

where  r i s  the  radia l  coord inate  and  o fs t  i s  the  d is tance  the  cut  was  made  o f f

center .

Each  loop  1s then  sp l i t  into  a  pos i t ive  coord inate  loop  and  a  negat ive

coord inate  loop  which  resul ts  1x-r  f our  loops  for  each  cav i ty . The volume is

determined by assuming each loop is axisymmetric. The volume of an

axisymmetrlc  loop can be computed using the second theorem of Pappus-Guldinus

V=2pi  xbarA , (6)

where xbar and A are the radial centroid and area enclosed by the loop

r e s p e c t i v e l y . The centroid and area can be computed from the coordinates

using

n
A =  -C

i=O
(‘i+l - Zli (R1+l + 5)/2 r

and
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where  Z  i s  the  vert i ca l  coord inate  and  R i s  the  radia l  coord inate  o f  the  i th

po int  on  the  loop .

Results

The final cavity volumes calculated by the methods described above are found

i n  T a b l e  II f o r  t h e  s i n g l e  c a v i t y  t e s t s  a n d  T a b l e  I I I  f o r  t h e  m u l t i - c a v i t y

t e s t s . A volume is computed for each of  the 4 loops mentioned previously.  The

mean and standard deviations of  the four volumes are given for each cavity

with the mean being the final cavity volume. The original volume is

calculated from micrometer measurements taken before the centrifuge tests.  The

percent  vo lume loss  i.s ca lculated  us ing  the  or ig inal  and f inal  cav i ty  vo lumes .
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Table II

Final Cavity Volumes for Single Cavity Tests. Test time 2 hours.

Experiment Orig .  Vol . F inal  Vol . Stand. Dev. %loss Head Loss
3 3 3

cm cm cm lmn
3

(in 1
3

(in )
3

(in ) (in)

SE100 210. 189. 54. 10. NONE

(12 .8 ) (11 .5 ) ( 0 . 3 )

SE125 220. 188. 65. 15. NONE

(13 .4 ) (11 .5 ) ( 0 . 4 )

SE150 226. 134. 54. 41. 6 . 0  [l]

(13 .8 ) ( 8.2) (0.3) (1.0)

Note:

1. Dimensional analysis has been used to calculate the head loss.
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Table III

Final Cavity Volumes for Multi-Cavity Tests
Test time 3.25 hours, 15 min at 100 G’s

E x p e r i m e n t  C a v i t y  O r i g .  301. Fina13Vol. Stand.3Dev. %loss Head Loss

( 3  )

ME1 A 207. 183. 11. 7 . 6  [l]
(12 .6 ) (11 .2 ) ( 0 . 3 )

ME1 B 205. 182. 11. 7 . 6  [l]
(12 .5 ) (11 .1 ) ( 0 . 3 )

ME1 C 207. 188.
(12 .6 ) (11 .4 ) (032)

9. NONE

ME1 D 207. 187. 10. NONE
(12 .6 ) (11 .4 )

ME2 A 204. 193. 5. NONE
(12 .4 ) (11 .8 )

ME2 B 203. 189. 7. NONE
(12 .4 ) (11 .5 )

ME2 C 205. 192.
(12 .5 ) (11 .7 ) (042)

7. [21

ME2 D 205. 194.
(12 .5 ) (11 .9 ) (or;)

5. [21

ME3 A 208. 166. (04i)  20. 69. [l]
(12 .7 ) (10 .1 ) (2.7)

- - - - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - - - -  - - . - - -

ME3 B 210. 135. 1.0 36. 119. [l]
( 1 2 . 8 ) ( 8.2) ( 0 . 6 ) ( 4 . 7 )

-___--------_-- - - - - - - - - -  - - - - - - - - - - - - - - - - ------~----I-
ME3 C 211. 181. (05) 14. 25. [l]

(12.9) (11.1) 1.0

ME3 D 211. 181. 14. 2 5 .  [l]
(12 .9 ) (11.1) 1.0

Notes:

1. The  average  head  loss  has  been  ca lcu lated  for  the  green  p last i c ine
experiments using dimensional analysis.

2. There  i s  not  suf f i c ient  data  to  determine  the  head  loss  for  the  gray
plast i c ine  exper iments  us ing  d imensional  analys is .
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DIMENSIONAL ANALYSIS

As  d iscussed  by  Ramberg  [l], d imensional  analys is  i s  an  important  too l  for

re lat ing  the  response  o f  a  smal l  sca le  centr i fuge  model  to  that  o f  a  fu l l

s c a l e  ( p r o t o t y p e )  s t r u c t u r e . The primary concern here is to determine the

scaling relation between model time and prototype time. Using  Dixon ’s  [7]

techniques, the  sca l ing  re lat ion  for  t ime can  be  determined  d irect ly  f rom the

const i tut ive  equat ions  for  the  p last i c ine  (F igure  3 )  and  sa l t .

The constitutive equation for salt from various SPR sites has been determined

by Wawersik and Zeuch [8]. The  const i tut ive  equat ion  they  use  to  descr ibe  the

sal t  has  the  form

.
e  =  Aoexp(-Q/RT)(ST)n , (9)

where the Ao i s  t h e  l e a d i n g  c o e f f i c i e n t , Q is  the  act ivat ion  energy ,  R  i s  the

gas  constant ,  T  i s  the  temperature , and n is the stress exponent. For  th is

report , we will  concentrate on the salt from the West Hackberry site. Its

const i tut ive  constants  are  A
0 =  2 . 9 2 3 - 2 3  l/[day(psf)n], Q  =  1 2 . 0  Kcal/mole OK,

and n = 4.90. Based on temperature logs from the West Hackberry site,  the

t e m p e r a t u r e  o f  t h e  s a l t  i s  e s t i m a t e d  t o  b e  46.1°C (115OF).  T h e  r e s u l t i n g

const i tut ive  re lat ion  i s  shown graphica l ly  in  Figure  15 .

Scaling Relation on Time

One technique for relating the model time to the prototype’s homologous time

i s  d i m e n s i o n a l  a n a l y s i s .  F o l l o w i n g  t h e  d i s c u s s i o n s  i n  R e f e r e n c e s  [l], [7],

[9] a n d  [lo], t h e  r a t i o  o f  t h e  m o d e l  t i m e  tm t o  t h e  p r o t o t y p e  t i m e  t  i s
P

c a l l e d  t h e  t i m e  r a t i o  t
r’

As  the  s tra in  sca les  111 between  prototype  and

model , the time ratio can then be written as

t = 0,/t,) = GpGrn) , (10)

where the subscripts p and m imply prototype and model respectively.  To
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relating the volume change in the model to that in the prototype. By assuming

that  the  average  c losure  rate  (equivalent  to  the  average  s tra in  rate )  in  the

creeping  cavi ty  i s  uni form for  the  cav i ty  and neglect ing  second order  terms,

the  re lat ionship  between the  vo lume c losure  rate  G and  the  l inear  c losure  rate

2! i s  g i v e n  b y

ir=3;! (11)

Prototype Cavity

The cavity chosen for the prototype is the West Hackberry 11 (WHll) Cavern.

This cavern was chosen because it  is  a well-proportioned cavity as shown in

Figure 16, and it  is more than 305 m (1000 ft)  from any other cavern [ll].

This  separat ion  d is tance  e l iminates  e f fec ts  f rom cavern  interact ion  and W’Hll

can be treated as a single cavern in an infinite medium. Volumetric closure

o f  th is  cav i ty  has  been  determined  by  a  s igni f i cant  amount  o f  wellhead

pressure data. The average pressure rise is approximately 7.6 kPa/day

( 1 . 1  p s i / d a y ) .  O f  t h i s , 5 .5  kPa/day  (0 .8  ps i /day)  has  been  at tr ibuted  to

thermal  expansion  o f  f lu id  in  the  cavern  [13]. This leaves approximately

2 .1  kPa/day  (0 .30  ps i /day)  pressure  r i se  due  creep  c losure .

The  vo lumetr ic  c losure  rate  has  been ca lculated  by  Preece  and  Fo ley  [12] us ing

the finite element method. The finite element creep analysis simulated the

cavern from the time of its leaching in 1962 through 1980 and predicted a

pressure  r i se  o f  2 .3  kPa/day  (0 .34  ps i /day)  in  1980 . This computed volumetric

c l o s u r e  r a t e  w a s  2 . 3 1  m3/day ( 8 1 . 7  ft3/day). The volume loss rate in percent

based on a cavern volume of 1.24E6 m3 (4.38E7  ft3)  i s  taken to  be  a  nominal

0 .5  percent  in  6  years .
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Homologous Times

For the average volume reduction for the West Hackberry 11 Cavity (WHll) of

OJ5 percent  in  6  years , the  equiva lent  average  l inear  c losure  rate  (as  de f ined

by  Equat ion  11)  i s  8.82E-12/s. We want to compare this value with the model

simulation. For Cavity SElOO, the average volume reduction was 9.79 percent

(see  Table  I I )  in  2  hours . I ts  average  l inear  s tra in  rate  i s  then 4.53E-6/s.

Using  Equat ion  10  y ie lds  a  t ime rat io  o f  1 .943-6  ( th is  equivalence  i s  shown

graphica l ly  in  Figure  15) . Thus, the model time of 2 hours converts to a

homologous prototype time of  117 years. A similar analysis of  Cavity SE125

yields a homologous time of 175 years. Although Cavity SE150 suffered a loss

o f  f lu id  head  dur ing  the  course  o f  the  exper iment  (d iscussed  later ) ,  the  data

from this experiment can stil l  be used in this dimensional analysis because

the equivalence between the experiment and prototype is only a function of  the

average  s tra in  rate  observed  in  the  cav i ty . For SE150, the average linear

strain rate is 1.893-5;  which corresponds to a homologous prototype time of

489 years. Thus, t h e  e f f e c t  bf a  h e a d  l o s s  i s  t o  i n c r e a s e  t h e  t i m e  s h i f t  f r o m

t h a t  f o r  a  f u l l  h e a d . These time data are plotted in Figure 17.

By assuming that the cavity interactions in the multi-cavity experiments are

l imited  to  changes  in  the  average  s tra in  rate  observed  in  a  part i cu lar  cav i ty ,

the multi-cavity experiments can also be analyzed as described above. For

cavi t ies  MElC  and  MElD  (both  with  assumed fu l l  f lu id  heads  dur ing  the  course

of the experiment) the homologous times are 113 years and 116 years,

r e s p e c t i v e l y . The equivalence between these tests and the WI-Ill Cavity are

shown graphically in Figure 17.

The  homologous  prototype  t ime resul ts  for  a l l  o f  the  exper imental  cav i t ies  are

summarized in Figure 18.

Average Driving Stress Analysis

The  d imensional  analys is  for  the  cav i t ies  wi th  fu l l  f lu id  heads  may a lso  be

used  to  determine  the  e f fec ts  o f  a  reduced  head  on  the  vo lume loss .  As

discussed  by  Preece and Suther land [6] and  in  Appendix  D,  the  e f fec t ive  s tress
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that  causes  the  p last i c ine  to  creep  changes  dur ing  the  course  o f  an

experiment. This  dr iv ing  stress  SD s tarts  with  a  va lue  So, equal  to  the

overburden pressure less the f luid head.

The functional relationship between and So may be determined accurately for

green plasticine) using numerical techniques. However,

another similar approach uses the data from simulations with a known fluid

dr iv ing  s tress  for  the  ent i re  exper iment  with

changing fluid head. So

easily calculated from the experimental parameters. The average driving

const i tut ive  re lat ion  for  the  p last i c ine  and the  known average  s tra in  rate  for

the experiment.

relation between the two stresses is shown in Figure 19. By assuming that the

can be  drawn for  the  the  mult i - cav i ty  exper iments  in  green  p last i c ine ,  a lso

see Figure 19.

the  gray  p last i c ine .

During the SE150 srmulation, the  r i ser  broke  dur ing  the  course  o f  the

experiment. The average driving stress analysis permits us to determine both

the volume reduction if  the riser had not broken and the average height to

which  the  f lu id  leve l  fe l l  dur ing  the  exper iment . F o r  t h e  f i r s t  c a s e ,  t h e

i n i t i a l  d r i v i n g  s t r e s s  for  the  fu l l  head  would  be  232  kPa (33 .6  ps i ) .

F igure  18  y ie lds  an  average  dr iv ing  s tress  o f  105 .8  kPa (15 .35  ps i ) . From

Figure 3, th is  s tress  leve l  produces  an  average  l inear  s tra in  rate  o f

l.l2E-5/s. For  the  test  t ime o f  2  hours , the  vo lume loss  i s  24 .2  percent .

T h i s  r e s u l t  1s p l o t t e d  i n  F i g u r e  1 7 . As discussed by Preece and Sutherland

[S] and in Appendix D, the numerically determined value is 21.2 percent.

This simple procedure can be reversed for the measured volume loss of  40.76

percent (SE150) to yield a homologous prototype time of  489 years,  see

Figure 17. Thus  prototype time implies that an average of  19 mm (0.75 in) of

f lu id  head  was  lost  dur ing  the  course  o f  the  exper iment ,  see  Figure  5 .
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Similar analyses for Cavity MElA and MElB  show an average head loss of  7.6 mm

(0.3 in) and a homologous prototype time of  137 years.

The head loss for each of the green plasticine experiments is summarized in

Table  I I  and  I I I  (Note : This calculation cannot be performed for the gray

plast i c ine  because  there  i s  not  suf f i c ient  data  to  determine  the  re lat ionship

between the  average  dr iv ing  s tress  and the  tota l  s tress  for  th is  mater ia l . )

Remarks

The  d imensional  analys is  resul ts  c i ted  in  th is  sect ion  y ie l ’d  cons is tent

s c a l i n g  r e l a t i o n s  f o r  a l l  o f  t h e  c a s e s  a n a l y z e d . This  approach ,  ca l led

“model ing  o f  models ”  [9], v e r i f i e s  t h e  s e l f - c o n s i s t e n c y  o f  t h e  c e n t r i f u g e

simulations, however, we should emphasize that while the simulations are self-

c o n s i s t e n t , the ir  extens ion  to  a  prototype  cav i ty  i s  on ly  as  good  as  the  data

for  the  prototype . The  WI-Ill data  used  here  i s  f or  the  last  f ew years  o f  the

cavi ty ’ s  e ighteen-year  l i f e  and  should ,  we  be l ieve ,  represent  the  cav i ty  at

s teady  s tate . We have  used  severa l  s imulat ions  at  d i f ferent  g l eve ls  and

di f ferent  t imes  to  pred ic t  the  response  o f  the  WHll prototype  cavern .

Discuss ion  o f  Resul ts

As shown in Figures 17 and 18, the  s ing le  cav i ty  s imulat ions  prov ide  a

c o n s i s t e n t  s e t  o f  s i m u l a t i o n s . In  part icular , the dimensional analysis

i l l u s t r a t e s  t h a t  t h e y  a r e  s e l f - c o n s i s t e n t  a n d  t h e  f i n i t e  e l e m e n t  a n a l y s i s ,

Appendix D, i l lustrates  that  the  resul ts  may be  predic ted  us ing  the

const i tut ive  descr ipt ion  deve loped  here  for  the  p last i c ine . The  resul ts  are

somewhat confused by the head loss in simulation SE150; however,  both analysis

techniques  are  ab le  to  eva luate  the  in f luence  o f  th is  exper imental  d i f f i cu l ty .

As shown in Figures 17-19, the  mult i - cav i ty  exper iments  a lso  present  a

c o n s i s t e n t  s e t  o f  s i m u l a t i o n s . The dimensional analysis forms a consistent

evaluat ion  o f  the  vo lume c losure  rates  for  both  changes  in  f lu id  heads  and

d i f f e r e n t  m a t e r i a l s . Based  on  the  d imensional  analys is ,  cav i t ies  MElC  and
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MElD s imulate  the  vo lume reduct ion  in  green  p last i c ine  for  no  head  loss ;  i . e . ,

approx imate ly  9 .5  percent ,  see  Table  I I I , for  the  s imulat ion  condi t ions  used

in  the  mult i - cav i ty  exper iments . For  gray  p last i c ine , the volume reduction is

approx imate ly  5  percent  for  no  head  loss ,  i . e . , cav i t ies  ME2A  and  ME2D.

As shown in Figures 8 and 14, the pillars in the ME1 experiment have deformed

di f ferent ly  f rom the  p i l lars  in  the  other  two  mult i - cav i ty  exper iments ;

namely, the  p i l lars  have  a  bulge  in  the ir  bot tom hal f . A close examination of

the  three  p i l lars  in  th is  s imulat ion  i l lustrates  that  the  bot tom corner  o f  the

cavi ty  has  essent ia l ly  not  moved . This  y ie lds  a  p i l lar  that  i s  25 .4  mm

( 1  i n c h )  w i d e ;  i . e . , unchanged f rom the  in i t ia l  condi t ion . Approximately

25  percent  up  the  p i l lar , its width has increased by approximately 10 percent.

Above there, i t s  width  decreases . A t  t h e  t o p  c o r n e r  o f  t h e  c a v i t y ,  t h e  p i l l a r

is  approx imate ly  5  percent  overs ize . For the ME2 and ME3 simulations, the

bottom corner  o f  the  cav i ty  d id  remain  f ixed , but  the  expans ion  o f  the  p i l lar

was more or less uniform over the remainder of  the pillar.

In  conc lus ion , we must emphasize that the extension of this simulation data

set to SPR cavities is based on a single data point from the West Hackberry

s i t e . The  phys ica l  s imulat ions  are  se l f - cons is tent  and  can  be  presented  as  a

funct ion  o f  prototype  t ime, as was done in Figure 18. However, t h i s  f i g u r e

should  be  v iewed as  a  check  o f  the  se l f - cons is tency  o f  the  s imulat ions  and  the

avai lab le  prototype  data . It  should not be used to infer long-term volume

c losure  rates  because  the  s ing le  prototype  data  po int  has  had  to  be

extrapolated over a hundred fold to encompass these simulations.

Further, we must emphasize that the simulations were conducted using a single

a s p e c t  r a t i o  f o r  t h e  c a v i t i e s . The change in the deformation mechanism

o b s e r v e d  i n  t h e  ME1 s i m u l a t i o n  i s  a  f u n c t i o n  o f  t h e  c a v i t y ’ s  a s p e c t  r a t i o  a s

w e l l  a s  t h e  P.D r a t i o . Thus, these  data  i l lustrate  that  the  change  in

mechanisms we observed between a P:D ratio of  0.5 and 1.0 are valid only for

the  part i cu lar  aspect  rat io  o f  2 .0  used  here ,  i . e . ,  a  50 .8  mm diameter  by

101.6 mm height.
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CONCLUDING REMARKS

In this manuscript, we  have  presented  the  resul ts  o f  6  centr i fuge  s imulat ion

e x p e r i m e n t s  t h a t  i n v e s t i g a t e  t h e  c r e e p  c l o s u r e  o f  f l u i d - f i l l e d  c a v i t i e s .

Three  o f  the  exper iments  were  conducted  with  a  s ing le ,  center l ine  cav i ty ,  and

three were conducted with a symmetric array of three cavities surrounding a

c e n t r a l  c a v i t y . The self-consistency of  the experiments was checked using

dimensional analysis. Dimensional  analys is  i s  a lso  used  to  re late  the

experimental resul ts to a “horn01 ogous” t i m e  f o r  a  p r o t o t y p e  c a v i t y  (WHll).  ,As

descr ibed  in  deta i l  in  the  manuscr ipt , the extension of  the experiments to the

prototype is based on the single data point from the West Hackberry site and

requires several assumptions. Thus, the  d irect  extens ion  o f  the  exper imenta l

data presented here should not be viewed as a prediction of  the long-term

b e h a v i o r  o f  f l u i d - f i l l e d  c a v i t i e s  i n  s a l t .
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APPENDIX A

PLASTICINE:

EXPERIMENTAL PROCEDURES

A. INITIAL HANDLING

1. After  removing  f rom packing ,  p lace  p last i c ine  in  an
appropr iate  conta iner  (g lass  or  meta l )  and  heat  to
approximately 75OC.

2. Rod the “1 iquef ied” material to remove entrapped air.

3. Div ide  into  appropr iate ly  s ized  uni ts  for  future  process ing .

4 . Cool to room temperature and store in aluminum foil  or plastic
wrap  ( i f  required) .

B. COLORING OR CHANGING DENSITY

1.

2.

3.

4 .

5.

6.

H e a t  p l a s t i c i n e  t o  75’C.

Add predetermined amount of tempera paint powder to obtain desired
c o l o r . Normal proportions.  50 gm color to 1000 gm of plasticine.

Mix the ingredients with a rod to obtain uniform consistency.

R e c o r d :  a . The  in i t ia l  weight  o f  the  p last i c ine  sample .
b . The weight of  color added.
C. The weight of Barite added.
d. Final  weight  o f  the  co lored ,  weighted  p last i c ine

sample.

Div ide  into  appropr iate ly  s ized  uni ts  for  future  process ing .

Cool to room temperature and store in aluminum foil  or plastic
wrap  ( i f  required) .

C. SHAPING TO SIZE

1. Heat  mater ia l  to  be  s ized  to  75’C.

2. Rol l /pour  the  mater ia l  to  i t s  in i t ia l  d imensions . Go to Step C8
for  cast ing  process .

3. Cool to approximately 35OC.

4 . Rol l /press  the  mater ia l  to  intermediate  d imensions .

5. Cool to room temperature.
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6. Let relax for a minimum of 24 hours.

7. Rol l /press  to  f ina l  d imensions .

8. Freeze and store at a temperature of  O°C or less in aluminum foil
o r  p l a s t i c  w r a p  ( i f  r e q u i r e d ) .

9. Either water or sil icone spray (mold release) may be used in these
processes  to  e l iminate  s t i ck ing  o f  the  p last i c ine  to  the  mold ing
surface .

D. TEST FIXTURE ASSEMBLY AND PREPARATION

1. Assemble bottom and sides. Make sure that the curved base plate
is  a l igned  proper ly .

2. Place  a  layer  o f  0 .005  inch  te f lon  around the  c i rcumference  o f  the
m o l d  ( c a l l e d  t e f l o n  t a p e ) . A small quantity of  contact cement
may be required to hold the sheet against the sides of  the mold.

3. P o u r / r o l l / p r e s s  a  l a y e r  o f  p l a s t i c i n e  i n t o  t h e  b a s e  o f  t h e
mold. The  top  sur face  o f  th is  layer  should  be  f la t tened  to
prov ide  a  f la t  sur face  for  bui ld ing  the  remainder  o f  the  model .

E. MACHINING

1. Use machining techniques for soft materials.

2. Machine at -2O’C or below.

3. Store  f in ished  product  at  a  temperature  o f  O°C or  be low in
aluminum foil  or plastic wrap.

F. ASSEMBLY

Lay up individual pieces of  the frozen model as required.

Fi l l  cavity(ies)  with  an  appropr iate ly  shaped  compressed  sa l t  p lug
(as  required) . Record all  dimensions of  the plug.

I n s t a l l  p i p i n g  t o  c a v i t i e s  ( a s  r e q u i r e d ) .

Insta l l  a l l  o ther  instrumentat ion  that  i s  conta ined  in  the  model .
Measure and record instrumentation placement.

P l a c e  m o d e l  i n t o  t e s t  f i x t u r e  o r ,  i f  a p p r o p r i a t e ,  b u i l d  d i r e c t l y
i n  t e s t  f i x t u r e .

Freeze  the  model  and  s tore  at  a  temperature  o f  O°C or  less  in  the
t e s t  f i x t u r e . Cover with aluminum foil ,  plastic wrap or with the
t o p  o f  t h e  f i x t u r e .
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G. PRETEST

1.

2.

3.

4.

5.

6.

7.

8.

9.

10

11

Warm the model to the appropriate test temperature over a period
of  at  l east  24  hours .

Using appropriate mechanical measurements, measure and record the
pos i t ion  o f  the  sur face  o f  the  model  a long  predetermined  scr ibed
axis ( a s  r e q u i r e d ) .

Attach all  instrumentation to the model that can be attached
b e f o r e  i n s t a l l a t i o n  o n  t h e  c e n t r i f u g e . Measure and record
p o s i t i o n s .

Run all necessary instrumentation checks and make
correct ions /replacements /  ca l ibrat ions  that  are  required .
Record  a l l  changes  and a l l  ca l ibrat ions .

Check all “on-board” instrumentation and make
correct ions /replacements / ca l ibrat ions  that  are  required .
Record  a l l  changes  and a l l  ca l ibrat ions .

Using water at the same temperature of  the model (the test
temperature), d i s s o l v e  t h e  s a l t  p l u g s  f r o m  t h e  c a v i t y ( i e s )  i n  t h e
m o d e l Wash the cavity out at least two times with water. Then
wash out  the  cav i ty  wi th  Isopropyl  Alcoho l  (2 -Propanol ) . Drain
cavi ty  and  a l low the  a l coho l  to  evaporate . Record time.

Measure  the  quant i ty  o f  l iquid  required  to  f i l l  the  cav i ty  us ing  a
graduated  cy l inder  to  measure  the  quant i ty  o f  l iquid  required  to
f i l l  t h e  c a v i t y  t o  a  s p e c i f i e d  h e i g h t .

Check surface position measurements to determine if  they are stil l
c o r r e c t  ( a s  r e q u i r e d ) . Record any variations from original
measurements. Record time.

Fi l l  a l l  cav i t ies  with  Methanol  Alcohol .

Complete the mounting of  the model and connecting/calibrating of
the on-board instrumentation to the model. Connect  “ in le t ”  p ipes
t o  “ r i s e r ” p ipes  wi th  910  cynoacry late  (epoxy) . The connector is
a  l/4 i n c h  Swaglock  N y l o n  F i t t i n g  (l/4” X  l/4” 9 0  )  w i t h  t h e
threads turned down on one end. The  s tand  p ipe  i s  l/4 inch
Impolene Tubing (Imperial Eastman 44-pp-l/4).

Mount the model on the centrifuge. F i l l  s t a n d  p i p e s  t o  c a v i t i e s
w i t h  d e s i r e d  l i q u i d  (,as r e q u i r e d ) . Do  as  quick ly  as  poss ib le
with in  the  conf ines  o f  proper  exper imental  procedures . Record
time.
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H. TESTING PROCEDURES

I

1. Preheat (cool)  the centrifuge room to the appropriate temperature.

2. Run f inal  checks  o f  a l l  instrumentat ion

3. Check  centr i fuge  for  sa fety . F o l l o w  s i t e  o p e r a t i o n / s a f e t y  r u l e s .

4. Conduct test.

5. Record  test  t imes  and acce lerat ion  h is tory .

POST TEST PROCEDURES

1. Remove the model from the centrifuge as quickly as possible.
P l a c e  i n  a  v e r t i c a l  p o s i t i o n . Record time.

2. Measure  the  f ina l  vo lume o f  cav i t ies  by  f i l l ing  with  the  des ired
1 iquid. Measure input l iquids using a graduated cylinder.

3. Freeze  the  model  to  O°C or  be low as  quick ly  as  poss ib le . Record
t ime th is  process  i s  s tarted  (and  f in ished) .

4. Measure  and  record  sur face  pos i t ions  a long  the  scr ibed  axis
(as  required) .

5. Sect ion  the  model  (as  required) . Photograph the sections with and
w i t h o u t  a  g l a s s  o v e r l a y  s c a l e  ( g r i d ) .
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APPENDIX B

SALT PLUGS :

EXPERIMENTAL PROCEDURE3

A. MOLDS

1. Construct a “breakaway” mold(s )  f rom Pyrex g lass  or  meta l  for  the
s a l t  p l u g s . Inside dimensions should correspond to the inside
dimensions  o f  the  cav i ty  to  be  f i l l ed .

2. Spray the inside of  the mold with teflon spray (dry mold release)
to prepare for the molding process.

B. SALT PREPARATION

1. Obtain reagent grade NaCl.

Using  a  large  mortar  & pest le  (#7) pulver ize  the  NaCl  to  the
cons is tency  o f  f ine  sand.

Mix pulverized salt with a minimum of water to create a “damp”
(but not overly wet) dough like mixture.

Pack mixture into prepared mold.
Heat  to  200°C for  4  or  5  hours .

Tamp carefully-nototoo  tight.
Leave overnight at 70 C. Plugs

can now be stored for future use.

Remove specimen from,mold by applying a slight pressure.

I f  p lug  i s  to  be  machined  to  s ize , le t  spec imen coo l  f or  at  l east
1  hour  a f ter  s tep  4 . Use machining techniques suitable for
granular materials. The plug should be machined 0.100 inch
undersize on the length and 0.050 undersize on the diameter for
the coating described below.

C. PREPARING THE STAND PIPE

1. Use  a  r ig id  p last i c  p ipe  (Therm0 tube  - 7/16 inch OD with
approx imate ly  l/32 inch wal l ) .

2. B u f f  o n e  e n d  s l i g h t l y  u s i n g  a  f i n e  f i l e .

3. Coat the buffed section with Dow Corning 1204 Primer.
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D. COATING THE SALT PLUGS

1. Make up an appropriate batch of SYLGARD 170 (equal weights of A &
B). Let stand for a minimum of 1 hour to de-air. A vacuum may be
pulled on the compound to speed this process.

2. Heat  the  sa l t  p lug  to  ZOO’C.

3. Using a paint brush, paint the bottom of the plug. Being careful
to  cover  the  corner , extend the SYLGARD up the sides of the plug.
The compound should be curing immediately.

4 . Invert  the  p lug  so  that  the  “ top”  i s  po int ing  up . Continue
painting up the sides and around the corner.

5. Pos i t ion  in let  tube ,  buf fed  sect ion  down,  in  i t s  appropr iate
pos i t ion  (usual ly  the  center  o f  the  p lug) ,  and  paint  around i t .
Extend the paint up the tube approximately l/2 inch and over to
the  prev ious ly  pa inted  sect ion .

6. Let dry for approximately 3 minutes.

7. Paint the cured SYLGARD with Dow Corning 1204 primer (with an
“ a c i d ” brush) .

8. Let dry for 1 or 2 hours at room temperature

E. PLACEMENT IN MODELS

1 Place SYLGARD in the bottom of the cavity.

2. I n s e r t  t h e  p l a s t i c  c o a t e d  s a l t  p l u g  i n t o  t h e  c a v i t y .

3. Backf i l l  the  space  between the  p lug  and  the  cav i ty  ( to  i t s  top )
with SYLGARD. A s  a i r  r i s e s  t o  t h e  t o p , c o n t i n u e  t o  b a c k f i l l  t h e
cavi ty  to  i t s  top  (approximate ly  30  minutes ) .

4 . Let stand for a minimum of 24 hours at room temperature to cure.
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APPENDIX C

FORTRAN Computer Program for
Calculating Volumes from Digitized Outlines

PROGRAM VOLCENT
DI~NSION R(4,200),  Z(4,200),  NUM(4), N(4,100),  VOL(4),  RSHFT(2)
DIMENSION OFST(2)
REAL MINR(2),MAXR(Z)
CHARACTER*30 CTITLE(2)

C
C OPEN DIGITIZED COORDINATE FILE
C 10 CALL OPEN ('DATA',ZO,O,IERROR)

I F  (IERROR)  1 0 ,  2 3 0 ,  2 0
20 K=O

MAxR(l)=O.O
MAxR(2)=0.0
MINR(l)=lO.O
MINR(2)=10.0

C
C READ IN EACH BOUNDARY CURVE
C

30  CONTINUJZ
K=K+l
READ (20,  40) ,CTITLE(K)

40 FORMAT (A30)
PRINT 50, K,CTITLE(K)

50 FORMAT (' ','CURVE  N0.',15,3X,'TITLE:',2X,A30j
I=0

60 CONTINUE
I=I+l
READ (20, *) ,R(K,Ij,Z(K,I),II
IF (II.NE.0) GO TO 60
NUM(K)=I-1
PRINT 70, NUM(K)

70 FORMAT (' ',15,2X,'POINTS'/)
C
C READ DIST THAT CUT WAS OFF CENTER

READ (20, *) , OFST(Kj
PRINT 75, K,OFST(K)

75  FORMAT(lH  , 'K=',I5,2X,'OFST=',G12.6)
L

IF (K.LT.2) GO TO 30
C
C SORT MAX AND MIN ON EACH LOOP
C DO 90 K=1,2

DO 80 I=l.NUM(K)
I F  (R(K,I).GT.MAMI(K)~  E~AXR(K)=R(K,I)
I F  (R(K,I).LT.MINR(K)j  MINR(Kj=R(K,Ij

80 CONTINUE
90 CONTINUE

c
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C MAKE COORDINATES AXISYMMETRIC  ABOUT R AXIS
C

DO 100 K=1,2
RSHFT(K)=R(K,l)-(MINR(K)+MAXR(K))/2.0
RTRANS=R(K,l)
Do 100 I=l,NUM(K)
R(K,I)=R(K,I)-RTRANS

100 CONTINUE
C
C SHIFT THE LOOP SO R(K,l) IS CENTERED

DO 140 K=1,2
DO 130 I=Z,NUM(K)

I F  (RSHFT(K).LT.O.O)  G O  T O  110
IEND=NUM(K)-I
IF (IEND.LT.~.AND.ABs(R(K,I)).GT.RSHFT(K))  Go To 120

R(K,I)=R(K,I)+RSHFT(K)
GO TO 120

110 CONTINUE
I F  (I.LT.~.AND.ABS(RSHFT(K)).GT.R(K,I))  ~0 T O  1 2 0

R(K,I)=R(K,I)+RSHFT(K)
120 CONTINUE
130 CONTINUE
140 CONTINUE

C
C COMPENSATE FOR CUT BEING OFF CENTER
n
L

DO 145 K=1,2
DO 145 I=l,NUM(K)
IF(ABS(R(K,I)).LT.O.5)  GO TO 145
SGN=R(K,I)/ABS(R(K,I))
R(K,I)=SQRT(OFST(K)'*2+R(K,I)**2)*sGN

145 CONTINUE

i PLACE POINTS WITH NEGATIVE R INTO SEPARATE LISTS
C

DO 160 K=1,2
INUM=NUM(K)
ITEST=O
DO 160 I=l,INUM
I F  (R(K,I).GE.o)  G O  To  160
IF (ITEsT.EQ.1)  GO TO 150
ITEST=l
NUM(K)=I-1
KK=K+Z
II=1
NUh4(KK)=INUM-NM(K)

150 CONTINUE
R(KK,II)=R(K,I)
Z(KK,II)=Z(K,I)
II=II+l

160 CONTINUE
C
C GENERATE NODE LIST FOR EACH STRING
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DO 1'70 K=1,4

D O  170 I=l,N-lJM(K)
170 N(K,I)=I

C
C MAKE R(K,l)=O  AND ADD R(K,I)=O ONTO END OF LIST
C

DO 180 K=1,4
R(K,l)=O.O
INUM=NUM(K)
NUM(K)=NUM(K)+l
R(K,NUM(K))=O.O
N(K,NUMtK))=NUM(K)

180 Z(K,NUM(K))=Z(K,INUM)

C ADD FIRST NODE ONTO END OF STRING TO CLOSE LOOP
C

DO 190 K=1,4
INUM=NuM(K)+l
N(K,INUM)=l
NUM(K)=NUM(K)+l

190 CONTINUE

E COMPUTE VOLUME DEFINED BY EACH STRING
C

CALL CALCVOL (R,Z,4,N,MlM>voL)

PRINT 200, (VOL(K),K=1,4)
200 FORMAT (' ', 'voLl~',Gl2.6,'VoL2=',G12.6,'VOL3=',Gl2.6,'voL4='

1 ,G12.6)

C AVERAGE VOLUMES OBTAINED FROM EACH STRING
C

VOLAV=(VOL(l)+VOL(2)+VOL(3)+VOL(4))/4.0
L

C COMPUTE STANDARD DEVIATION
C

SUM=0  0
DO 210 1=1,4

210 SUM=SUM+(VOL(I)-VOLAV)**2
SDEV=SQRT(SUM/4.0)

P
L

PRINT 220. VOLAV,SDEV
220 FORMAT (' ', 'AVERAGE VOLUME = ',G12,6,2X,'sTANDARD  DEVIATION = '

lG12.6)
C

230 CONTINUE
STOP
END

C

S~I~RO~TINE  CALCVOL (X,Y,NCAV,N,NN~DES,V~L)
C

DIMENSION X(4,1), Y(4,1),  N(4,1),  NNODES(l), VOL(l)
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C
C
C

C
C
C

C
C
C

C
C
C

C
C

C

C
C

C

DIMENSION A(4), XBAR(4),  YDAR(4)
DATA PI/3.141592654/

CALCULATE CAVITY AREAS

DO 20 K=l,NCAV
SUM=X(K,N(K,l))*Y(K,N(K,l))
MAXN  = NNODES(K)-1
DO 10 J=l,MAXN

I=J+l
10 SUM = SvM+(Y(K,N(K,I))-Y(K,N(K,J)))*(X(K,N(K,I))+X(K,N(K,J)))

SUM=SUM-Y(K,N(K,NNODES(K)))*X(K,N(K,NNODES(K)))
A(K)=ABS(SUM/Z.O)

CALCULATE XBAR

INDEX= 1
CALL CNTRD  (X,Y,INDEX,N,NN~DES,K,A,XEM)

CALCULATE YBAR

INDEX= 2
CALL CNTRD  (Y,X,INDEX,N,NN~DES,K,A,Y~~AR)

CALCULATE CAVITY VOLUMES

XDAR(K)=ADS(XEMR(K))
VOL(K)=2*PI*XEMR(K)*A(K)

20 CONTINUE
RETURN
END

SUBROUTINE C N T R D  (U,V,INDEX,N,NNODES,K,A,CENTER)

DIMENSION U(4,1),  V(4,1),  N(4,1),  NNODES(l), A(l), CENTER(l)
SUM = V(K,N(K,l))/8*(U(K,N(K,1))*"2+.33333333*U(K,N(K,l))**2)
MAXN=NNODES(K)-1
DO 10 J=l,MAXN

I=J+l
SvM=SvM+(V(K,N(K,I))-V(K,N(K,J)))/8.0*((U(K,N(K,I))+

1 U(K,N(K,J)))**2+1.333333*(U(K,N(K,I))-U(K,N(K,J)))**2)
10 CONTINUE

NSH=NNODES(K)
SUhi=SUM-V(K,N(K,NSH))/8.0*(U(K,N(K,NSH))**2+

10.333333*U(K,N(K,NSH))**2)
CENTER(K)=l.O/A(K)*SUM
IF (INDEX.EQ.l) CENTER(K)=-CENTER(K)
RETURN
END

SUBROUTINE OPEN (FILEID,IUNIT,IOP,IERROR)
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BYTE BLANK,NULL,XNAME
DIMENSION XNAME(l6)
DATA BLANK/' '/,NULL/O/
IERROR=O
IF (IOP.LT.0) PRINT 30, FILEID
IF (IOP.GE.0)  PRINT 40, FILEID
READ (5, 20) (XNAm(I),I=l,15)
IF  (XNAME(~).EQ.BLJW)  RETURN

IERROR=l
XNAME(lG)=NULL
IF (IOP.LT.0)  OPEN (UNIT=IUNIT, FILE=XNAhfE,  TYPE='NJW', FORM='FORM

1ATTED'  , ERR=lO)
I F  (IoP.EQ.o)  OPEN (UNIT=IUNIT,  FILE=XIUME,  TYPE='oLD',  READONLY,

lFORM='FORMATTED'  , ERR=lO)
IF (IOP.GT.0)  OPEN (UNIT=IUNIT, FILE=XNAME,  TWE='OLD',  ERR=lO)
RETURN

1 0  IERROR=-l
RETURN

20 FORMAT (15Al)
30 FORMAT (/'+<WRITE',lX,A4;'  FILE> '$)
40 FORMAT (//'+<READ',lX,A4,'  FILE> '$)

END
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APPENDIX D

Finite Element Simulations

of the Cavity Creep Closure

FINITE ELEMENT SIMULATION

The finite element program (D-l]  employed in this study has been used to

predic t  creep  c losure  o f  underground nuc lear  waste  s torage  dr i f ts  [D-2],

[D-3] .  I t  was  a lso  used  to  s tudy  laboratory  t r iax ia l  c reep  exper iments  [D-4 ]

and to  ca lcu late  the  per formance  o f  petro leum storage  cav i t ies  in  rock  sa l t

[ D - 5 ] ,  [ D - 6 ]  a n d  [ D - i ’ ] .  T h e  f i n i t e  e l e m e n t  m o d e l  o f  t h e  f l u i d - f i l l e d  c a v i t y

in  p last i c ine  i s  shown in  Figure  D- l . The boundary displacement constraints

are  represented  by  ro l lers  where  d isp lacement  i s  a l lowed  para l le l  to  the

r o l l e r  b u t  n o t  p e r p e n d i c u l a r  t o  i t . The model loading consists of  body

f o r c e s , a  surcharge  on  top  o f  the  model  and  f lu id  pressure  ins ide  the  cav i ty .

A l l  o f  t h e s e  a r e  s c a l e d  w i t h  a c c e l e r a t i o n . A comparison between the f inite

element calculations and the centrifuge experiments is shown in Figure D-2

where  cav i ty  percent  vo lume loss  i s  p lo t ted  against  acce lerat ion . This  f igure

shows the calculated percent volume loss, wi th  f lu id  head  f rom top  o f  r i ser

tube, increasing linearly between 100 g and 150 g. Figure D-2 also shows good

comparison between experiment and calculation at 100 g and 125 g but a

s igni f i cant  d iscrepancy  at  150  g . The  probable  cause for  th is  d iscrepancy  i s

loss  o f  some f lu id  f rom the  r i ser  tube  dur ing  the  exper iment . P o s t - t e s t

observation of  this model showed a small  rupture where the riser tube connects

to  the  cav i ty .  Another  poss ib le  cause  o f  th is  d iscrepancy .  which  was

investigated and ruled out was the triggering of another creep mechanism in

t h e  p l a s t i c i n e  a t  t h e  h i g h e r  s t r e s s  l e v e l . T h i s  c a u s e  i s  n o t  l i k e l y  s i n c e  t h e

calculated  va lue  o f  maximum creep  dr iv ing  s tress  i s  wi th in  the  range  o f  the

stresses  seen  in  the  unconf ined  compress ion  tests  (F igure  2 ) . Figure D-2 also

shows another set of  f inite element calculations performed as mentioned

prev ious ly  except  the  f lu id  leve l  was  assumed at  the  top  o f  the  cav i ty  instead

o f  a t  t h e  t o p  o f  t h e  r i s e r  t u b e . T h i s  s e t  o f  c a l c u l a t i o n s  g i v e s  s i g n i f i c a n t l y

greater  c losure  at  a l l  three  acce lerat ion  leve ls  and  comes  much c loser  to  the
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experimental closure at 150 g. The 150 g centrifuge experiment and the

reduced  f lu id  leve l  f in i te  e lement  ca lcu lat ions  show the  in f luence  o f  cav i ty

f lu id  pressure  on  creep  c losure . Small reductions in head and, consequently,

pressure  can resul t  in  s igni f i cant  increases  in  cavi ty  vo lume loss .
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